The physical mechanism of seed germination and its inhibition by abscisic acid (ABA) in Brassica napus L. was investigated, using volumetric growth (= water uptake) rate (dV/dt), water conductance (L), cell wall extensibility coefficient (m), osmotic pressure (IIi), water potential (*i), turgor pressure (P), and minimum turgor for cell expansion (Y) of the intact embryo as experimental parameters. dV/dt, Hi, and *i were measured directly, while m, P, and Y were derived by calculation. Based on the general equation of hydraulic cell growth IdV/dt = Lm/(L + m) (Al -Y), where All = Hi -II of the external medium; the terms (L m/(L + m) and II -Y were defined as growth coefficient (kG) and growth potential (GP), respectively. Both kG and GP were estimated from curves relating dV/dt (steady state) to I of osmotic test solutions (polyethylene glycol 6000).
m/(L + m) and II -Y were defined as growth coefficient (kG) and growth potential (GP), respectively. Both kG and GP were estimated from curves relating dV/dt (steady state) to I of osmotic test solutions (polyethylene glycol 6000).
During the imbibition phase (0-12 hours after sowing), kG remains very small while GP approaches a stable level of about 10 bar. During the subsequent growth phase of the embryo, kG increases about 10-fold. ABA, added before the onset of the growth phase, prevents the rise of kG and lowers GP. These effects are rapidly abolished when germination is induced by removal of ABA. Neither L (as judged from the kinetics of osmotic water efflux) nor the amount of extractable solutes are affected by these changes. Ili and *i remain at a high level in the ABA-treated seed but drop upon induction of germination, and this adds up to a large decrease of P, indicating that water uptake of the germinating embryo is controlled by cell wall loosening rather than by changes of II; or L. ABA inhibits water uptake by preventing cell wall loosening. By calculating Y and m from the growth equation, it is further shown that cell wall loosening during germination comprises both a decrease of Y from about 10 to 0 bar and an at least 10-fold increase of m. ABA-mediated embryo dormancy is caused by a reversible inhibition of both of these changes in cell wall stability.
In a previous paper (29) , we have provided evidence based on kinetics of water uptake and a factorial analysis that exogenous ABA controls germination of rape seeds by limiting water uptake of the embryo rather than by inhibiting energy* metabolism, protein synthesis, or related processes. It was concluded that ABA and osmotic stress interact at a common point controlling the water relations of the embryo specifically during the growth phase of germination. This phase commences about 12 h after sowing and is characterized by a resumption of rapid water uptake due to active embryo enlargement. In contrast, water uptake during the preceding imbibition phase (O to about 12 h after sowing) is not affected by the hormone. Exogenous ±ABA ' Supported by the Deutsche Forschungsgemeinschaft (SFB 206 ).
inhibits germination of rape seeds at a concentration of _10
,umol 1-' (29) . However, a 10-fold higher concentration is needed to maintain the dormant state for longer periods of time.
In the present paper, we attempt to localize the site(s) of action of ABA within the physical parameters governing the water relations of the germinating seed. The inhibitory effect of ABA on water uptake has been shown to be both rapidly induced upon addition, as well as eliminated upon removal of the hormone (29) . This reversible action suggests two experimental approaches to the problem, both ofwhich will be explored in the present study. First, we investigate the changes of water transport parameters upon addition of ABA at the onset of the growth period of germination. Second, the inverse changes of these parameters can be studied upon withdrawal of ABA from seeds which have been kept in a fully imbibed but dormant state by a pretreatment with the hormone. In rape seeds, the mature embryo is only surrounded by a thin, fragile seed coat, already cracking during the imbibition phase (29) . This type of seed is particularly suited for investigating the water relations of the embryo during germination.
MATERIALS AND METHODS Preparation of Plant Material. Seeds of Brassica napus L. cv Diamant (winter rape, purchased in 1979 from Hambrecht, Freiburg) were sown on chromatographic paper soaked with distilled H20 or test solutions using the standard conditions described previously (29) . ±ABA (Fluka, Buchs, Switzerland) was used at a concentration of 25 mg -' (= 0.1 mmol I-') which was sufficient to inhibit germination completely for at least 5 d without any deleterious side effects. Seeds kept on ABA for 5 d germinated normally if the inhibitor was removed by washing. Before transfer to a different germination medium, the seeds were thoroughly washed by incubation in an abundance of new medium for 10 min under rigorous agitation. In some experiments, seeds were sown on PEG solutions which were replaced every day in order to ensure a constant osmotic pressure.
Analytical Methods. Germination percentages were determined using embryo axis growth (radicle protruding for more than 2 mm) as a criterion (28, 29) . Fresh mass and relative water content (g water/g fresh mass) of seeds were determined as described previously (29) .
For the determination of evaporation kinetics, a batch of germinating seeds (corresponding to 570 mg dry mass) was spread on a piece of nylon net which was placed on a layer of 150 g of freshly dehydrated (1 50°C) silica drying beads (Merck, Darmstadt) in a covered plastic box (10 x 10 x 6 cm) kept at 25°C. The seeds were briefly (10 Water potential of germinating seeds ('Ij2) was determined with a thermocouple psychrometer/hydgrometer (Wescor, Logan, UT); C-52 sample chamber attached to a HR-33T microvoltmeter) operated in the dew point mode (calibrated with PEG solutions). Accuracy of the instrument readings was considerably improved (better than ±0.5 bar) by thermostating the chamber (25.0 ± 0. 1C) and by attaching a digital voltmeter (±1 mv) to the recorder output. Samples of 10 decoated embryos were introduced into the measuring chamber (4.8 mm deep, 9.6 mm diameter). Water vapor equilibration was reached after 1 to 2 h (Fig. 1) . During the next hours, the readings increased continu-2 Abbreviations: Ij, water potential of the tissue; II,, Hi, osmotic pressure of incubation medium and tissue, respectively; Y, yield threshold of turgor pressure required for irreversible cell expansion; dV/dt, rate of volumetric growth (= water uptake); GP, growth potential; kG, growth coefficient; L, water conductance (= permeability); m, cell wall extensibility during growth; P, turgor pressure.
ously with a rate of about 0.3 Hv h-' (-0.4 bar h-'). For routine measurements, readings were taken 2 and 2.5 h after closing the measuring chamber and averaged. The instrument was read after a standardized cooling time of 20 s, allowing a further 40 s for establishment of the dew point temperature.
Osmotic pressure of germinating seeds (II,) was determined by the same procedure using samples of decoated embryos which were frozen to -80°C in small plastic vials and thawed for 20 min at 20°C. No significant differences were observed between whole embryos and embryos cut into small pieces (or homogenized while frozen) with respect to Ili readings.
Water exchange rates as a function of II, were determined by incubating seed batches (570 mg dry mass = 100 seeds) in a series of PEG (mol wt 6000, Roth, Karlsruhe) test solutions, which were adjusted to defined H values (25°C) via measurement of the refractive index using the formula of Michel and Kaufman (21) . Up to 18 seed samples were incubated simultaneously in thermostated (25°C) 100-ml beakers containing 30 g of PEG test solution which was agitated by vigorously bubbling a humidified stream ofair through it. The osmotic pressure ofthe test solutions was maintained within ±5% of the nominal value by replacing them every 3 h. The time courses of fresh mass change were determined in 1.5-h intervals for 12 h (see Fig. 4 ). Steady state rates of water uptake/loss were calculated from the approximately linear portions between 4.5 and 10.5 h by regression analysis and plotted as a function of H, (see Fig. 5 ). Except for Figures 1 and 4 (12, 13 Fig. 2 ). Thus, as pointed out in principle by Green and Cummins (13) , elaboration of the relationship between HII and water uptake (= growth) rate under the influence of growth-controlling agents can theoretically provide information on whether these agents act on the growth coefficient (determined by cell wall extensibility and tissue water conductance) or on the growth potential (determined by the osmotic pressure and the threshold pressure for irreversible deformation of the cell). This point is illustrated in Figure 2 .
In numerous investigations on water relations of germinating and dormant seeds, the term growth potential, originally coined by Scheibe and Lang (27) has been used to describe the potential expansive thrust or 'growth pressure' of the expanding embryo as assessed from its ability to germinate under osmotic stress (e.g. 2, 5, 15, 22, 30) . It seems, however, that this term has never been rigorously defined in terms of water relations parameters. In the present study, GP is operationally defined by the osmotic pressure of an outer osmotic medium (HeI) which establishes a steady state water uptake (= growth) rate of zero (water flux equilibrium). Hence, GP can be determined by measuring steady state rates of fresh mass changes of a tissue in a series of defined osmotic solutions, provided that Hi and Y are unaffected by the osmotic stress during the measurement. H1, for zero growth rate is then obtained by interpolation from a plot of water exchange Insofar as zero growth coincides with the inhibition of visible germination (radicle protrusion), the latter criterion can alternatively be used for the determination of GP. It should be recognized, however, that GP, operationally defined either by water flux equilibrium or by incipient inhibition of germination, characterizes the maximum of osmotic (plus mechanical) restraint that can be potentially overcome by the expanding embryo. Thus, GP is equivalent to the 'critical 'Ie'd', i.e., the minimum water potential of the outer medium below which germination cannot take place (17), but must not be confused with the actual water potential (*i) of a tissue. If water conductance of a tissue is large, Vi can be close to zero even if GP has a high value (due to P >> 0). The basic conceptual difference between GP and *i seems to have been largely overlooked in the pertinent literature (e.g. 3, 5, 11, 15, 22) . Implicitly, this problem has been dealt with by Nabors and Lang (22, 23) , who measured in light-treated (germinating) lettuce embryos a GP increase of 7 bar compared to the (dormant) dark control, although the actual *i of the water-grown embryos was in fact close to zero in both light and darkness.
Estimation of L. Water conductance of a tissue is a complex quantity which involves not only the hydraulic conductivity of the cell membranes (Lp) but also the permeability of the apoplastic space (including surface layers) and geometric factors (e.g. membrane area). Theoretically, L can indirectly be determined by measuring water flux across the tissue driven by a constant I gradient:
Provided that *j is not appreciably affected by the measurement, changes of L can be estimated from rates of water efflux during tissue shrinkage (P = 0) driven by an osmotic gradient (Hi < HeI). In the absence of protective layers of low water conductance (seed coat, cuticle), water transport may occur predominantly by bulk flow and therefore the problems arising from unstirred layers can be largely circumvented (e.g. 4).
Estimation of II,. The cells of germinating embryos such as from rape are almost completely filled with storage fat (in the form of lipid bodies) and storage protein (in the form of protein bodies). Since there are no vacuoles at this developmental stage, the expression of sap for direct measurement of Hi is not feasible. Therefore, two other procedures were adopted: (a) the determination of water-extractable solutes after homogenization; and (b) the in situ-determination of Hi by measuring *j after freezedamaging cellular membranes of intact embryos. In contrast to the first method, the second type of measurement includes the matric potential of the disrupted tissue. No attempts have been made to correct for the mixing of cell contents and cell wall solution.
RESULTS
Effect of IIH on Testa Rupturing and Radicle Elongation during Germination. The first morphological indication of germination of imbibed rape seeds is the splitting of the rather fragile seed coat about 12 h after sowing. This is brought about by the expanding embryo cotyledons (about 85% of embryo mass) and the straightening axis about 10 h before true radicle growth commences, and may be due to a fully reversible (i.e., elastic) expansion of the whole embryo. At this stage, the seeds can still be dried back without loss of germination vigor, indicating that no irreversible germination processes have yet occurred (29) . Testa rupturing is, in striking contrast to radicle growth, not responsive to ABA inhibition (29) . Therefore, testa rupturing and morphological germination must be regarded as temporally separated, independent phenomena in the course ofgermination. Effect of ABA on kG and GP. Figure 4 shows a typical experiment determining water flux kinetics of identical seed samples in a range of PEG solutions in the presence and absence ofABA. Steady state rates were obtained from the approximately linear portions of the curves between 4.5 and 10.5 h after the start of incubation and plotted as a function of rI<,. Figure 5 shows this plot for seeds pretreated for 24 h with water (germinated) or for 12 h with water followed by 12 h of ABA (not germinated).
These experimental curves deviate in two respects from the theoretical relationship predicted by equation 3 (Fig. 2) . (a) The slopes are approximately linear only in the low flo range but significantly decrease toward higher fl,,. This indicates that kG depends to some extent on All. Therefore, only the initial section (nlo = 0-2 bar) has been used for evaluating kG values. (b) The curves demonstrate a sudden break at the change from positive to negative rates. It appears that the tissue possesses a high extensibility close to the water flux equilibrium. It is also possible that the transition from plastic to elastic cell expansion contributes to this break. It should be noted in this connection that the cells of these embryos possess no vacuole and demonstrate cytorrhysis rather than plasmolysis upon removal of water. Irrespective of its interpretation, the break allows a precise determination of the crossing-over point (= GP) from such curves. Figure 5 shows that ABA has a 2-fold effect on the growth rate versus Ilo curve: the slope (kG) is reduced and the crossing-over point (GP) is shifted to a lower IlO value. Further experiments of this type are shown in Figure 6 . The percentage of seeds with broken seed coat increases from 20% to 80% between 12 and 18 h after sowing (Fig. 3) . A comparison of Figure 6 , a and b, indicates that the presence of an intact seed coat has no signifi- (Fig. 6d) .
Figures 5 and 6 demonstrate that ABA, in inhibiting expansion growth of rape seeds, affects the rate coefficient as well as the potential term of equation 3. Both effects appear to be rapidly reversible upon removal of the hormone. Due to the timeconsuming assay method, the lag-phases of these effects could not be determined as precisely as in the case of water uptake (29) . However, ABA adjusts altered steady state growth rates within less than 3 h if added at the start of PEG incubation (Fig.  4) , indicating that the seed's response to ABA may be considerably faster than the assay of kG and GP. Figure 7 , a and b, summarizes the changes of kG and GP in seeds germinating on water and the effect of ABA on these growth parameters. In evaluating these time courses, one should be aware that the rather time-consuming assay allows only a coarse analysis of the temporal changes of kG and GP. Nevertheless, it is evident that kG as well as GPchange considerably during germination. During the imbibition phase (up to 10-12 h after sowing), GP reaches a constant level of about 10 bar whereas kG remains very small. The onset of irreversible radicle elongation during the subsequent growth phase is correlated with a 10-fold increase of kG. ABA, applied from sowing onwards, seems to have no significant effect on the build-up of GP during imbibition. However, during the growth phase ABA prevents any increase of kG and gradually lowers GP from 10 to 4 bar.
The dominant role of kG in controlling seed water uptake is further supported by the water/ABA transfer experiments shown in Figure 7 . Transfer of 12- Table I . Effect ofABA on Osmotic Water Efluix and Evaporation from Imbibed Seeds For osmotic water effiux measurements, seed batches were transferred to PEG solutions (lII = 12 or 21 bar) with or without ABA and efflux rates determined after 6 h (Fig. 4) . For evaporation measurements, seed batches were incubated for 6 h in water with or without ABA and then exposed to a dry atmosphere. Initial rates (between 0 and 30 min) and half-times of evaporation were determined by regression analysis after linearization of the kinetics (log water content versuis time). The seed coat was ruptured between 12 and 18 h after sowing (Fig. 3) (Table I) . ABA has no significant effect on the evaporation and reimbibition kinetics ( Fig. 8 ; Table I ). by transfer to water. There is no significant change ofthe amount of solutes during germination on water which is almost completed 24 h after sowing (Fig. 3) . Likewise, the removal of ABA after a 72-h period ofinhibition has no significant effect on solute content although this transfer induces germination (Fig. 7) . Obviously, germination is not accompanied by considerable changes in the amount of solutes per seed. Consequently, the osmotic pressure due to these solutes in the expanding embryo (Ili) should decrease to the same extent as the water content increases. Thus, these data contradict the possibility that an osmoregulatory increase of solutes is involved in embryo expansion during germination and that ABA acts by inhibiting this osmoregulation. On the contrary, by inhibiting water uptake, ABA should maintain II, at a higher level compared to the germinating water control seeds. This expectation has in fact been borne out by direct measurements of II, using whole seeds.
Effects ofABA on *i, HII, and P. Figure 10 shows the measured time courses of *I, Hi, and the time course of P calculated thereof in seeds inhibited by ABA or released from ABA inhibition by removing the hormone 72 h after sowing. As predicted from Figure 9b , Hi remains practically constant in the ABAtreated seeds but decreases significantly as the water content increases in those seeds which are induced to germinate by transfer to water (see Fig. 7d ). In fact, essentially the same relative changes ofII, as measured directly in the hygrometer are obtained by calculating the dilution of the osmotically active cell contents by water uptake (Fig. 10, inset) . These results agree with the previous finding (Fig. 9 ) that the amount of osmotically active material in the embryo does not increase considerably during germination and that any change of II, can be quantitatively attributed to changes in water content. It may be noted that the Figures 9 and 10 indicates, therefore, that germination, and the effect of ABA thereon, is independent of matric potential changes of embryo cell components such as storage protein bodies (about 30% of the seed's mass).
In the ABA-treated seed, *i is maintained at about -1 bar (Fig. 10, bottom) , indicating that the embryo is essentially in osmotic equilibrium with the surrounding medium. Inasmuch as solutes are present in the cell wall solution (10) , AI Figure 10 shows that P decreases from 12 to 7 bar in the course of germination on water and that this decrease is prevented by ABA. These data demonstrate the following.
(a) Water uptake during germination is accompanied by a decrease of Hi and P. This is in agreement with the assumption that water uptake is caused by an increase of the yielding properties of the cell walls. Exactly opposite results would be expected if embryo expansion were brought about by osmotic control (9) .
(b) Inhibition of water uptake by ABA is accompanied by preventing the decrease of P. This is in agreement with the assumption that the ABA-mediated inhibition of water uptake is caused by the preservation of an insufficient cell wall yielding. Exactly opposite results would be expected if ABA were to inhibit water uptake by decreasing water conductance of the embryo tissue (9) .
The situation described in Figure 10 in principle also holds for seeds imbibed in water for 12 h and then transferred to ABA (data not shown). The kinetics of Hi, P, and i, deviate from those of Figure 10 insofar as the 12-h water-imbibed seeds are not yet in water equlibrium with their medium ('j increases from -12 to -2 bar between 12 and 36 h after sowing). However, superimposed on this Ij change, ABA induces a 4 bar difference of Hi (from 9 to 13 bar, matched by the difference in water content) and maintains P at 10 bar, whereas P drops to 6 bar in the water control.
In summary, the data obtained with the dew point hygrometer provide independent evidence that water uptake of the germinating embryo is primarily controlled by the extensibility of its cell walls (wall loosening) rather than its osmotic pressure or water conductance. Moreover, these data support the idea that ABA inhibits water uptake, and thereby germination, by preventing cell wall loosening.
Calculation of Y, dV/dt, and m. Theoretically, the experimental data of Figures 7, a and b, and 10 should satisfy equations 1 to 3 and thus allow the indirect estimation of hitherto experimentally inaccessible parameters such as Y. Although calculations of this sort inevitably suffer from the amplification of statistical errors, they can at least provide semiquantitative information with respect to ABA-dependent changes of the parameters involved.
First, the changes of Y as calculated from measured values of GP (Fig. 7b) and IlH are shown in Figure 11 , together with the corresponding Hi values. In analyzing these data, the following can be seen. In the seeds germinating directly on water, from about 10 to 0 bar during the growth phase of gem resulting in GP = HL (Fig. I lb) . ABA prevents the drop this inhibition is rapidly reversed upon removal of the h However, the contribution to GP of these distinct chan becomes partly masked by the simultaneous changes a to water uptake. For instance, in the seeds germinating on water, the pronounced decrease of Y is compensated corresponding decrease of Hi, leading to an essentially constant level of GP of about 10 bar during the whole growth period (Fig.  7b) . On the other hand, if ABA-pretreated seeds are released from inhibition after 72 h, a similar drop of Y leads to a corresponding increase of GP because of the much smaller changes of Hi. In the continuous presence of ABA, the time course of GP is predominantly determined by the changes of HI rather than Y. Evidently, ABA can only eliminate the Y component of GP, explaining why GP is much less affected by the hormone than kG (Fig. 7, a and b ). It appears that ABA acts on GP by preventing the decrease of Y. However, because of the large contribution of Hi to GP, this is clearly not sufficient to stop embryo expansion without additionally maintaining kG at a low level.
Second, Table II These results raise the question of whether the changes of these physically distinct properties of the cell wall are separate responses or in fact consequences of a common biochemical process modifying the mechanical stability of the cell wall material. The finding that ABA acts simultaneously on both cell wall properties suggests a common mechanism.
In more general terms, the action of ABA in maintaining seed dormancy has been described as a specific block preventing the embryo from entering the growth phase of germination (29) . The observation that the hormone has no detectable effect on water uptake and metabolic processes during the preceding imbibition phase can now be readily explained by the fact that water uptake during the early imbibition phase is predominantly governed by Hli and L, both ofwhich are not subject to ABA control. However, inasmuch as turgor pressure develops, Y and m become progressively dominant in limiting further water uptake, leading finally to an essentially complete cessation of embryo expansion at the end of the imbibition phase. If this stable situation of developmental arrest is maintained for a longer period of time, the seed is called dormant. In the nondormant rape seed, the imbibition phase is rapidly followed by a growth phase which is induced by a dramatic increase of m and a complete loss of Y. This is the point where ABA, by preventing these changes of cell wall stability, comes into play, maintaining the embryo in a dormant state. During normal germination on water, the sensitivity for growth inhibition by ABA is rapidly lost (28) , indicating that this hormone response is highly specific for the germination stage.
The biochemical mechanism by which cell wall stability is affected as the seed enters the growth phase, as well as the manner, by which ABA interferes with this process, is not known. From the extensive work with radish seeds (1, 8, 18, 20) , it has been suggested that germination is controlled by H+-mediated cell wall loosening and K+ accumulation, both contributing to an increase in the capacity for water uptake. ABA is thought to inhibit germination by counteracting these ion fluxes. This idea is based on the finding that both H+ secretion and K+ uptake are inhibited by ABA along with the inhibition of germination while fusicoccin promotes all three processes in the presence or in the absence of ABA. Whereas the wall loosening action of fusicoccin via H+ secretion seems to be firmly established also in the case of seed germination (1, 8, 18, 20) , we feel that the presently available evidence with respect to the causal involvement of ion transport processes in the signal response chain of ABA is not equally conclusive. In preliminary experiments, we were unable to detect any significant H+ secretion by rape embryos normally germinating on water under conditions where fusicoccin induces strong medium acidification and enhances germination. Inhibiting germination by ABA has had no effect on medium pH. Further work is required to resolve the relationship, if any, between ion fluxes and ABA-mediated inhibition of cell wall stability changes during seed germination.
